We examined the photo-induced dynamics of ferromagnetic Co/Pt thin films demonstrating perpendicular magnetic anisotropy with element specificity using resonant polar magneto-optical Kerr effect measurements at Pt N6,7 and Co M2,3 edges with an x-ray free electron laser. The obtained results showed a clear element dependence of photo-induced demagnetization time scales: τ Co demag. = 80 ± 60 fs and τ Pt demag. = 640 ± 140 fs. This dependence is explained by the induced moment of the Pt atom by current flow from the Co layer through the interfaces. The observed magnetization dynamics of Co and Pt can be attributed to the characteristics of photo-induced Co/Pt thin film phenomena including all-optical switching.
The dynamics of photo-induced magnetization has been a central issue in the physics of non-equilibrium spin states and also in the development of ultrafast information devices 1 . All optical switching (AOS) of magnetization has been one of the key phenomena, and was first observed in ferrimagnetic thin films such as GdFeCo 2,3 , followed by recent discoveries of ferromagnetic granular films of FePt and ferromagnetic Co/Pt multilayers 4 . These AOS materials are magnetized in the out-of-plane direction 4, 5 . It has now become possible to synthesize a variety of AOS materials depending on their elements and structure. Despite extensive experimental observation, determination of the underlying physics has been elusive due to the complexity of photo-induced magnetic phenomena. AOS materials are inherently composed of more than one magnetic elements and transient states at the individual sites are determined by various internal degrees of freedoms , such as angular momenta, spin densities of states, and lattice vibrations. It has become essential in experiments to disentangle ultrafast spin dynamics at each magnetic element.
Element-selective investigation of magnetic materials have conventionally been made using x-ray magnetic circular dichroism (XMCD) that probes absorption edges of the target elements 6 . The ultrafast time-resolved measurement of XMCD can be made with a free electron laser (FEL) or a laser-slicing synchrotron radiation source in the soft x-ray region, i.e., hν ∼ 700 − 2000 eV, particularly for L 2,3 edges of 3d elements and M 4,5 edges of 4f elements [7] [8] [9] [10] [11] [12] [13] [14] [15] . These experiments helped to improve our understanding of photo-induced magnetization dynamics for ferrimagnetic AOS materials such as GdFeCo 11, 12, 16 . Note that M 4,5 edge of Gd (∼ 1400 eV) and L 2,3 edge of Fe (∼ 700 eV) can be probed in a soft x-ray beamline. However, due to the limitations of photon energy, some key elements, such as 4d and 5d elements, cannot be investigated by soft x-rays -thus experiments with differing techniques are sometimes required for individual elements, raising the potential for experimental uncertainty between measurements. This is the case for ferromagnetic AOS materials and 3d and 5d alloy materials 17 .
The absorption edges of shallow core levels in the extreme ultraviolet (EUV) region, i.e., hν < ∼ 150 eV, cover a wide range of elements. A time-resolved measurement with an ultrashort pulsed EUV source can be applied to elements including 5d elements. This enables the direct comparison of the magnetization dynamics of various elements 18 .
The magneto-optical Kerr effect (MOKE) is detected as the rotated plane of polarization of the reflected beam corresponding to the sample magnetization. Xray MOKE (XMOKE) can be enhanced at the absorption edges and get element selectivity as in the case of XMCD. XMOKE of 3d elements in EUV reflect 3p spin-orbit splitting and 3d spin polarization and can determine exchange-splitting and spin-wave excitation 19 . From a technical standpoint, a linearly polarized x-ray beam originating from a linear undulator is available for probing XMOKE without using a specific undulator that generates a circular polarized x-rays. In addition, EUV is surface sensitive compared to soft x-rays and provides complementary information. Transverse XMOKE in EUV range was adopted for magnetization measurements using high harmonic generation (HHG). This can be performed without polarization analysis, and only inplane magnetization dynamics was observed [20] [21] [22] .
In this letter, we report on the spin dynamics of ultrafast demagnetization phenomenon in perpendicularly magnetized AOS Co/Pt multilayer material by performing time-resolved XMOKE (trXMOKE) measurements using an EUV FEL source 14 . We employ polar XMOKE setup for observing out-of-plane magnetization. The ab- sorption spectra show the apparent absorption peak at the Co M edge and Fano-resonance at the Pt N edge, both of which exist in the EUV region. By optimizing photon energy with the energy-tunable FEL source, spin dynamics at the Co and Pt sites were traced elementselectively. Femtosecond demagnetization is initiated at the Co sites and then at the Pt sites. These results indicate spin transports from the Co to Pt layer during the ultrafast process.
We used a Pt(1.7 nm)/[Co(0.4 nm)/Pt(0.7 nm)] 3 / Co(0.4 nm) multilayer thin film synthesized on Sapphire(1120) via the sputtering method. This multilayer structure is depicted in Fig. 1(a) . This sample exhibited perpendicular magnetic anisotropy. We measured the magnetic hysteresis loop by visible light polar MOKE with a wavelength of 680 nm and the result indicates the out-of-plane ferromagnetic component as shown in Fig. 1(b) . Figure 1(c) shows the x-ray absorption spectrum of our sample, which was obtained by the total electron yield method at the synchrotron radiation facility UVSOR BL5B using horizontally polarized x-rays. The absorption spectrum with Co M 2,3 (60 eV) and Pt N 6,7 (72 eV) edges is similar to that previously reported for CoPt 18, 23 , including the dip of Pt N edge resulting from the Fano effect.
We used an EUV FEL (< 150 eV) free electron laser at BL1 24 of SACLA 25 , an FEL facility in Japan. The schematic drawing of the experimental setup is shown in Fig. 2 . TrXMOKE measurements were performed using the pump-probe technique 26 to capture the magnetic moment dynamics with element specificity 27 . FEL pulses were incident at an angle of 45 deg. The polarization of incident FEL pulses was linear and the polarization plane of the reflected FEL was analyzed by rotating analyzerellipsometry 26, 28 . The polarization analyzer consisted of a multilayer mirror and a micro channel plate (MCP), both of which rotate simultaneously. The Mo/Si multilayer mirror reflects scattered FEL pulses from the sample with an incident angle of 45 deg., with the reflected FEL pulses hitting the MCP. Ellipsometry curves as a function of rotation angle χ can be obtained by rotating the ellipsometry analyzer. The details of the method used in analyzing polarization are described in ref. 26, 28 . The photon energy of FEL was 60 eV for the Co M 2,3 edge and 72 eV for the Pt N 6,7 edge, which was determined from our x-ray absorption measurement. The wavelength, fluence, and spot size of the optical laser were 1.5 eV (800 nm), 10.6 mJ/cm 2 , and 200 µm×180 µm, respectively. A magnetic field of 0.5 T was applied throughout the experiment and the magnetization of the sample was saturated. Both the FEL and optical laser were incident nearly coaxially and reflected optical laser light was cut by the aluminum filter in front of the polarization analyzer. The repetition rate or frequency of FEL and optical laser pulses were 60 Hz and 30 Hz. We observed pumped and unpumped states by using every second pulse, which enabled detection of the pump effect precisely. We confirmed that the sample was not damaged by observing the unpumped states. An arrival timing diagnostic system between the FEL and optical laser pulses was introduced 29 to compensate for the arrival timing jitter. The total time resolution of ∼ 70 fs was achieved in our measurement. 
The result obtained under opposite magnetic fields is shown in Figs. 3(a, c) . θ XMOKE can be determined from the difference between these curves: 2θ XMOKE = |χ 0 (+B) − χ 0 (−B)|. θ XMOKE of Co and Pt were determined as θ Co XMOKE = 3.1 ± 0.3 • and θ Pt XMOKE = 1.5 ± 0.3 • . θ XMOKE of the absorption edges are 5 to 10 times larger than θ MOKE of 680 nm as shown in Fig. 1(b) . The observed enhancement of θ XMOKE at the absorption edges clearly shows the resonant effect, which is similar to the previous XMOKE results 27 . Figures 3(b, d) demonstrate the ellipsometry curves for the pumped and unpumped samples in typical cases of trXMOKE. We determined θ XMOKE with the relationship θ XMOKE (t) = |χ 0 (+B) − χ 0 (−B)|/2 − |χ unpumped 0 − χ pumped 0 (t)|, where χ 0 (+B) and χ 0 (−B) are values of the static measurements. We detected pump effect through the shift of ellipsometry curves and evaluated this shift by changing delay time t. Figure 4 (a) exhibits the result of trXMOKE measurement changing the delay time systematically. The results are normalized by the Kerr rotation angle before excitation, θ XMOKE,0 . A clear element-dependence of the photo-induced demagnetization process can be seen. We evaluated time scales of Co and Pt with an exponential function
where H(t) is the Heaviside step function. The time scales were determined as τ Co demag. = 80 ± 60 fs and τ Pt demag. = 640 ± 140 fs. The results of this work can be explained in the similar scheme of trXMCD of FePt 17 . Prior to laser excitation, Co and Pt magnetic moments are coupled ferromagnetically and the sample is perpendicularly magnetized as shown in step I of Fig. 4(b) . A pump laser with photon energy of 1.5 eV excites Co and Pt electrons. Pt d electrons lie in deeper energy level from E F and the difference in spin polarization of ferromagnetic Co and paramagnetic Pt around E F would enhance the excitation of Co majority spin. The excited majority spin of Co hot electrons transport to the Pt site via superdiffusive transport 30, 31 or optical intersite electron transfer 32 at the interfaces. Majority spin of Co can be excited into a mobile sp-like band 18 as in the case of Ni 33 and Pt has relatively localized feature of d electron. This may cause asymmetric behavior of electron diffusion. Transport of majority spin from Co to Pt layer leads to faster and slower reduction of Co and Pt magnetization, respectively, as depicted schematically in steps II and III of Fig. 4(b) . Energy and angular momentum dissipate to other freedom of lattice and spin excitation 34 . Finally, incoherent transversal spin excitation appears with high spin temperature as shown as step IV.
Our results demonstrate long-lived Pt momentum and the existence of the modulation of Pt and Co momenta ratio in Co/Pt. AOS has not been observed in singleelement materials but has been detected in alloys. This suggests the importance of exchange coupling and spinorbit interaction at interfaces 35 . There is a possibility that the observed modulated magnetic states of sublattices are the origin of the mechanism of AOS or other photo-induced phenomena.
Compared to previous reports 18, 22 , our observed τ Pt is relatively slow. We note that there are some differences from previous reports and our measurement. The first point is the magnetic character of the samples. According to the XMCD study of FePt with various order degrees, the magnetic feature of thin films changes from isotropic to anisotropic when its order degree is higher, via strong spin-orbit coupling of Pt 36 . In the previous reports of trXMCD 18 and transverse trXMOKE 22 of 3d and Pt O edges, the studied FePt and Co/Pt samples were magnetized along the in-plane direction. This indicates that the samples have more isotropic magnetic character than our sample. The change of anisotropy may be related to lattice-spin coupling and thus contribute to our relatively slow dynamics of Pt in addition to the electron transfer process from Fe to Pt layer. The second point is the selection of absorption edges. In the 50-75 eV range, there are N 6,7 and O 3 edges of Pt and M 2,3 edges of Fe and Co. The small energy difference of absorption edges can cause mixing of information of each other elements 37 and the degree of mixing can vary depending on the position of absorption edges. We used Pt N 6,7 edges, which is most isolated from Co M edges and exhibit the largest XMCD signals in the EUV range. This was aimed at better element-selectivity for Pt magnetic moments. The third point is the XMCD intensity of the absorption edges. According to the spectra reported 18, 23, 38 , Pt N 6,7 edge XMCD intensity is larger than Pt O edges. By using larger XMCD at Pt N 6,7 , it is expected information of 3d metal and Pt will be more clearly separated.
In conclusion, we succeeded in conducting elementspecific observation of photo-induced magnetization dynamics of a perpendicularly magnetized Co/Pt multilayer thin film. The demagnetization time scales of Pt and Co were found to be τ Co demag. = 80 ± 60 fs and τ Pt demag. = 640 ± 140 fs. We suggest that these observed dynamics can be realized by majority spin Co electron transport into the Pt layer. The different photo-induced dynamics of Co and Pt lead to the modulation of the ratio of Co and Pt magnetization. This transient state can affect photo-induced dynamics through interfacial exchange coupling or electron transportation in the photoinduced process including AOS. Finally, we emphasize that ultrafast dynamics of Pt and Co moments have been determined simply with a single instrument using the EUV-FEL-based trXMOKE. This new approach will elucidate the ultrafast magnetization dynamics of a vast variety of advanced complex materials.
